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ABSTRACT

With the computer getting more and maore soph-
isticated, the chance of getling a bug in a program
or a misapplication in an analysis also becomes
more and more likely. Analysie need some rules of
thumb to guickly spot problem areas znd to make a
quick check if necessury., This paper outlines some
of the general rules wsed in checking boundary con-
ditions, unbalanced Terces, and irregulprifies. W
aiso uses specific examples to demonsgirate the
checking of sorme elementary functions. Bpecial dig-
cugsiony are given on advanced features such as
sapport friction, ithermal bowing, and expansion
bellow elements,

INTRODUCTHIH

With the new reqguirements given on the design
of a moedern plant piping, the only practical tool for
the design analysis is the computer. The computer
program designed for pipe siress analysis geis more
and more sophisticated every day. Some programs
bave gone through several generations of develop-
ment gmploying completely different background of
perseonnel. The new generation normally will not
touch the pood work done by their predecessors,
Instead, they make layers of shells around the exis-
ting work. The compleied program becomes very
disorpanized. Therefore, it is safe to =ay that a
modern pipe s8iress computer program is bound to
have some inconfistencies,

Pipe stress analysts are normally too timid in
challenging a well established compuiter progeam.
However, i we recognize thal o err is computer
program, we may be able lo more objectively ensuare
the quality of our analysis. It iz important to real-
ize that everything has s so ealled norm. In other
words, if something looks unrealistic then i1 probably
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ig unreal. Therefore, it is imporitant to be able to
Iook at the ouipui and point cut the irrepgularities
that might exist. That ig the art, From time to time
we have sfeen Some experienced engineers who are
able to jodge whether a system is satisfactory just
by looking at the model. The computer analysis is
just a comfirming check. However, they are the
cxeeptional rather ithan the normal,

The inconsisfent resulls in an analysis comes
either Trom the bug in the program or from themis-
application of the program. Nowadays, people like
to boasgt that vou don't even need io read the manual
ta use thelr computer prograim., The so called user
friendly is probably what they intended to say, but
sornehow the impression they give 18 not. Yoo fype
in some daia, then you get some results. H sounds
eady, but is scary. To ensure a good analygis the
analyst has 1o have al least a clear picture of what
the program functions are. He or she should also be
abie to spot the inconsistencies when they occar.

PROGRAM VERIFICATION

A program i§ sgystematically verified before
beging released for production. The verification invo-
lves alinost every step of the program's operation
and funclion. The resulis of the verification are do-
cumented in the verificaiion reports. This is the
function of the program developer and should not be
a burden io the users.

Verification by the user is occasionally required
by the inhouse QA procedure, or to simply satisfy
the coriosity of the user or the boss. To an analyst,
ic be able to personally verify a couple of analyses
will definitely increase his or her confidence in the
program. The most cormmon approasch of the verifi-
cation is io check apainst known results, The book
by Kellogg Company [1] contains quite a few hand
calcnlation resulfs which can be checked against the



expangion giress calculation., A more formal caleu-
latjion intended 1o be a benchmark wag published by
ASME [2] in 1972, Unfortunately, this benchmeark
probiem containg some misprints, which have never
been corraected, and also the unusual nan-circular
crogs section elements. Because of these difficuliies,
the problem has created a huge frustration in the
piping industry, BEverywhere, engineers are trying
to make 2 comparigon in vain., Later in 1680 T, S,
NR(C published a set of representative piping bench-
mark problems {3]. Fhis sel of problems waas taken
from real sysiems laidout in nuclear power plants.
It is mainly used to check the earthquake analysis
uaing the response spectra rnethod,

The benchmark problems check only the general
behaviors of the program. The general behavior of
a given program differs very little from the original
plack box on which most of the programs are based.
Therefore, wvery little deviation shall be expected
from these tests. The most important items to be
concerned with are the ones particular io individual
programs. These items need to be checked very
discretely.

DEVIATION

In comparing the test results with published or
benchmark resulis, ihe relative deviation is used.
The term error is not used because the difference
mighi be caused by the error of the published or so
called known results. Even the so called exact solu-
tion might have some seemingly ingignificant terms
ignored, However, if the deviation is small then
ihere iz a gond chance thal both the testing program
and the benchmark are correct, This is more 8o
when then testing program uses an entirely different
solution technigue than that used by the benchmark,

In evaluating the dewviation, some common senge
has to be applied to aveid unnecesgary arguments.
For given quantity, R, whose exact schiiion ig shwon
in Figure 1 {a), [t8 corresponding result, R', from
the test program may be shified te as shown in
Figure 1 (b}, Then by some methods of evaluation,
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Figure 1, Standard Deviation

it may be concluded thal there is no comparigson at
all. Because the deviation is essentially infinite on

component By, Bul we all know that the rea) differ-
ence between the two solulions is very small. This
can be easily proved because if we rotaite the axes

by 45 degrees, the dewviation will almost disappear

i

completely, The point is that a number is meaning-
lese if its quantity is entirely dependent of the sel-
ection of the coordinate axes. Therefore, it is im-
poriamt to have the deviation properly defined as
follows 3

dev {(Ry) = { Ry'-Ry }/ By {(Meaningless)
dev (Ry) = { By'-By } [ R (Local)
dev {Ry} = { Ry'-Ry } f{ Ro {Globai)

Where R is the resullant guantity ai the point ol
interest, and Bo is the maximum resuliant quaniify
in the entire systern analyzed. The global deviation
is introduced, because at a given point the resultant
quantity itself may be Insignificant. Whether it is
significant or noi, the tool to messure is the global
comparison, The evaluation of ihe local deviation
reguires soime personal judgement, but the global
deviation should be limited to about 10 percent.

BOUNDARY CONDITIONS

The first gtep in gquick checking an analysis is
to make sure that the resglt® match the boundary
conditions of the systema. This ezn be done pasily
with the help of & good ouipul arrangement. Most
compuier programs have a separate report for the
aachor and support forces and moments as shown in
Table 1. ¥or ihis particular one [4] the frieiion and
the pipe displacemenis are also piven, This makes
the chetking of the boundary condition very easy.

By using repeorts such as Table 1, the boundary
conditions can be checked directly by looking at the
pipe digplacemenis, At an anchor point the pipe
digplacement should be the same as the input displ-
acement, and at {he limmit stop location the pipe
displacement shall be equal to or smaller ihan the
gap specified. However, it should be noted that the
support displacement specified in the input is for the
support structure. The actual pipe displacement at
that point may or may not be the same as the sup-
port depending on the rigidity of the support. If the
support is rigid then the pipe and the struciure will
have the same displacement, But if the support is
flexible then the pipe displacement and the support
movement are different as shown in Figure %.

Spring .Constam, K

Support Force =K {Dp - Ds )

Pipe Displacement, Dp {ootput)

Suppori Displacement, Dis {input}

Figure 2, Support and Pipe Displacements
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For systerns which include the support friction,
both the foree and the direetion of the friction can
be readily checked againsi the normal support force
and the pipe movernent,

SYSTEM EQUILIBRIUM

The pipe stress analysis result, regardless of
the method used to get it, shall still conform the
law of eguilibrium. The summation of the forees and
moments applied at a given point shall be zero, and
the summation of the forces and mmoments spplied to
the entire system shall alsoc be zero,

Neediess to say that to check the equilibriumn
for every point in a system manually is not practi-
cal. But if there is any doubt about a given point,
then It can be checked manually. In well designed
programs, there is a scheme to antomatically check
and record the egquilibrium of all the points in the
system, The analyst should always look for messages
to see if any significant unbalanced force has been
detected, A significant unbalanced force always sig-
nzls a problem in the analysis.

Fhe total system equilibriom can be checked by
using the support load table given in Table I, In this
table the total systemn forces are summarized at the
bottom. In a systern without any external forces
entered explicitly, the wvertical force should be the
same 28 the foial weighi load. The horizontal force
should be equal and in the opposite to the horizontal
friction force. This is very fundamental, bul can be
migsed by even the expert., For instance, in Problem
No. B of the ASME 1972 verificalion bock [2], one of
the solutions presented has an appsrent error in the
Y-direction support force, This can be checked by
the law of equilibrinm bul the writer preferred to
have it explained z# the difference of the programs
nsed in the comparigon,

ELEMENTARY FUNCTIONS

It is irue fhat the pipe siress computer prog-
ram 15 designed to handle an assembly of pipes.
However, it should still be able {o caleulste some
very simple situations, A pipe slress program con-
sists of mainty two types of elements, straight pipe
and cupved pipe. H the program is fo function pro-
periy then these two basic elements have to function
properiy. Therefore, if we tan c¢heck out the basic
function of these two elements, we will have more
confidence in the program.

The straight pipe element is just a beam. 1is
function can be checked against the beam formula
we have learned from iext books., However, there
are a few differences that need to be mentioned. Une
of them is that some program spproaches are not
as clear as the fext book., Take the two aniformly
loaded beams as shown in Figure 3 for example, if
you run them through the computer you may find
that there is no stress at all in one, or even both,
of the cases. In {(a), because the program evaluaies
only the stresses at pode points 10 and 20, and the
stregses at these two points happen to be zerao,
There iz no reasen thal a program can not be pro-
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{2} Simple Beam {h) Fizxed Beam

Figare 3, Beam Parados

grammed to find the maximum stress of the entire
beamn element, but this is not done normally. The
reason is that a complete pipe siress anslysis can
invelves several load cases., H all the maximum
siresses st each element are fo be combined togetlher
regardless of their location, then the calculation can
become overly conservative., Also the simple bean
condition does not really exist in a piping system,

If reguired, an additional point at the midspsn can
bhe entered. The case ¢b), on the other hand is
somewhat more troublesome. In some finite element
programs the uniform lead is divided into nodal loads
which are applied a! the node points. In the fixed
beam case, the aniform leoad is divided imto two
concentrated loads which are applied at the ends.
This will produce the proper reactlon force, bul no
reaction mwoment nor beam stress, Svine programs
of this type are still widely used in the piping ind-
astry. Analysts should make themselves aware of
the problem invoelved,

Another item that needs to be mentioned is
shear deformation. The shear deformation is not
normally included in the beam formula we uase, but
it is included in most pipe stress programs. There
iz not muchk difference if the lenmgth of the beam is
at least several times the cross sectional dimension.
However, if the beam length is short the difference
can he very great. Figure 4 shows a stack guided
at a very short distaence from the base to resist the
wind. The problem is reduced to a fixed-supported
beam applied with an end moment., As can be segen
from the results tabulated, the shear deformation
term has a very significant effect on the anchor and
suppori loading if the guide is rigid.

For the curved pipe element, the formula given
by J. E. Brock [5] can be used for cross check, if
the cumbersom caleulation can be managed. An al-
ternative way is to divide the bend into multiple
sections ifo see if the resulis agree with those of
the undivided bend,

The curved pipe element involves flexibility and
stress intensifiestion factors, These lactors are
further influenced by the presense of flanged ends
and internsl pressure. In checking the intensification
factor it is mecessary to find out the program option
in implemerding the pressure effect. Tt ig also desie
rable to understand the implications of the application,
The pressure will tend to make the system more
stiff, thug resulling in higher support loads against
the thermsal expansion, On the other hand it also
tends to make the cross seciion more Jdifficult to
ovalize, thus reduacing the stress inftensification. The
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problem is thet when the pressures is removed the
temperature will likely to stay st near operating for
some time. At this iime the pipe moment is not
reduced but the pressure is not there fto help prevent
ovalization, Therefore, the logical application is to
take infc aeccunt the increased stiffuess, but not the
decreased stress intensification,

SPECIAL FEATURES

Bach pipe stress compuler program has its
own special features. Thege features are normally
not available in benchmark problems., Their functions
need to be checked by special schemes. Since it is noj
possible to cover all the features, this discussion
will concentrate on three popular items. They are
sapport friction, bellow elements, and thermal bow-
ing.

{a} Support Friction

The support friction has a very significant ef-
fect on ihe anslysis resulis in certain cases, The
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areas most sensitive to the friction are rotating eq-
uipment piping, long offaite piping, and transmission
pipe lines. For instance, at & large rotating equip-
ment, the friction due to a single support can often
determine if the piping load exceeds the allowables
or not,

There are different ways of implementing ihe
friction effect in the program, bat they are not all
equal. Bome methods require more computer time
but are more inherenily stable. Others are quick
but prone to be unsatble. A detailed diascussion on
this subject is given in a separate topic [8]. In this
paper the discussion ig limited to the quick cheek of
the results.

The validily of friction applicaiion depends on
the type of the system analyzed. I ihe system is
relatively rigid then the analysis tends {o be correct
regardiess of which method is used, On the other
hand, if the system 1z relatively Ilexible then the
correct analysis can only be achieved with certain
methods. This is because in a flexible system the
friction not only affecis pipe force, it also has the
poiential of changing ihe direction of the movement.
To check the friction feature, it needs to check its
application on a flexible system. With a support
load report similar te Table 1 the function of the
friction can be checked easily by the following steps:

{1). If the piping is moving, then the resultant
friction force should be egual te the normal support
foree multiplied by the friction faclor. The direction
acting on the support, should be the same as the
pipe movement, ]I reverses when acting on pipe.

{2). I the piping is stopped by the friction and
not moving then ithe friction force should be equal
or smaller than the full friction force calculated in

{1).

{3). Most importanily, the above friction force
is applied o the system. This ecan be checked by
balancing the nodal forces at the support location.
With & supporl load report similar to Fable i, the
application of the friction can be checked by comp-
aring the ioial friction force againgt the total system
ferce. They shonld be the same M no other external
force is applied to the sysiem.

Beliow Element

(b},

Bellow cupansion joinis can be simulated by the
canventional zero length flexible connectors. However,
to be able to repregent the versatility of the bellow
arrangements, the use of bellow elements is pref-
ferred, With the bellow element, the program can
easily simulate zll the common bellow expsnsion
joinis such as single bellow, fied bellows, universal
joints, and preasure balanced universal joints. The
program will correctly apply the flexibility of the
joint in all the iranslational and rotational directions.
Tt also applies the proper pressure thrast force at
the end of the bellow. The more advanced program
can alse combine &ll three dimensional motions to
calcnlate the equivalent maximum axial displacement



{1} Axial Motion

{2} Rotation

{3} Latersl Motion

Figure 5, Elementary Function of Beliows

per convolution., This is the wital information used
by the manufacturers to check the acceptability of
their bellows.

Implemeniation of the bellow element involves
some tricky maneuvers, but to cheek is simple. The
Expansion Joint Manufacturers Asscciation (EJMA )
has a set of formulas [7] that can be uged readily
for checking the function of the hellow element.
Thesge formulas are copled below for eagy reference.

ex = x| W
ep = Badp [ (2K}
ey = 3 dp-y { (N+L)
F = fw-ex s fw/N)j+x s Karx
Mo= fw+dp=ce / 4 = [(Ew/N).dpé /8]0
V o= fwedpeey (2L} = 1.5 (fw/NNdp/L)2.y
My= fwedp-ey / & = [0.75 Gw/N) - dp?/ Li-y
Where,
ex = Axial digplacement per convel. due fo x
e = Axial displacement per convol. due to 8
ey = Axial displacement per convol. due fo y
¥ = Differential axizl displ. across bellow
8 = Differential rotation across bellow
¥ = Differential lateral displ. across bellow
N = Namber of convolution
dp = Pitch diameter of the conveolution
L = Effective length of the bellow element
¥ = Axial force required fo move x
fw = Axial spring raie per convolution
Me = Moment reguired to bhend @
V = Lateral force required to move y

My = Moment created by y- movement
Ka = Axial spring rate of the kellow element

From the above formulas it ig clear if, for
instance, the axial spring rate. piich diameter, and
the bellow length are given, then the spring constanis
in all the other directions can be deiermined. The
equivalent axial displacement per convolution can
algc be found without needing additional daia.

in checking the bellow funciion, a few items
need to be further explained. As can be seen from
the formula, the lateral spring rate is inversely
proporiional to the square of the hellow length. The
axial deformation expected during cperation can have
& gignificant effect on the lateral spring rate. The

82

analyst should try to input the shoriest possible len-
gth in the analysis. It should also be noted that by
laterally moving the bellow not only treales lateral
force, but also the bending moment. In bending the
bellow, the EJMA formula signifies that a lateral
movarnent a8 well a8 a rolation is being created,

The checking can be done easily by fixing one
end of the bellow element and apply ihe leading or
digplacemeni at the other end. This eliminates the
trouble of finding the differeniial displacements of
hoth ends. However, the real function of the bellow
can only be evaluated by the checking of the differ-
entiul movements, Onee the elemental function is
checked, ite application to the piping assembly is
not much different from the other elements,

{c}. 'Thermal Bowing

Piping is normally assumed to have a uniform
temperalure acrosgs its cross section. However, due
to stratified flow or some other reason, the fempe-
ratore can vary greatly beilween the top and the
bottorn of the pipe. This situation can occur during
the startup of large steam lines [8] or cryopgenic
lines [8]. Bt can aisc pecur at a petrochemical tran-
sfer line hwen i1 is being guenched or when ii has
coke forming at the bottorc of the pipe. When the
temperature around the cross seciion is not uniform
the pipe will form an are shape. This bowing
phenomenon may or may not create damaging siress
in the pipe itgsed depending on the shape of the tem-
perature distribution. I ihe distribution is linear,
then ne internal stress is created. I the distribution
i8 not linear then large inilernal siress may be
created. In gither case, the bowing has the poten-
tial of creating huge displacements and rotations in
the pipe. Thisg hoge movement can tear off conmec-
tions if enoupgh flexibility is not provided.

The bowing feature can be checked with fwo
gimple steps. Figure 6 ghows a two span simply
supported pipe. K no elamp or hold-down is ingtalled
in the mid~span, the pipe at mid-span will move up
due to bowing. The amount of the move-up can he
checked aguinst the formula derived wusing the linear
temperature distribution [8}. That is if the difference
in expansion rate between the top and the bottom of
the pipe ig & mm/mm, the pipe dimmeter ig d mm,
then the radius of the curvature i8¢ R = dfe mm. I
the span length is L mm, then the expected move-up
displacement y = B - {RY - 1F mm.



After the bowing movement is checked, the (b}
cage can be used to check the combined effect,
In this casge, the mid-span is rigidly held down, The
held down load can be checked by using the simple
beam formula applied with a concentrated force at
the mid~span. The hold down load should equal the
concentrated load with which a mid-span displace-
ment of ¥y mm is crested, Of course the weight and
otber loads should not be included in making ihis
check,

{a} Free Bowing

(b} Hold Down Bowing

Higure 7, Bowing Fonction

STRESS REPORT

A well laid-out stress report can facilitate the
checking of the analysis. The stress report should
contain, in one continuous printout, all the input,
interpretation of the input, generated system infor-
mation, load case results, and siress and load
compliance tables. Other graphical or tabular forms
of preseniations which are not integral parts of the
ourtpul shouid be clearly ideniified for iis association
with the stress report,

The raogt imporiant item to be checked on a
stress report is the fruthfulness of the mathematical
medel. This generally refers to the correctness of
the input data, buf includes also the correct inter~
pretation of the program requirements, A good inpat
echo and a good isomeiric picture generated directly
from the input data can be very helpful,

{a}. Input Echo

With the popularity of the menu input approach,
the input data made by an anslyst is converted into
ancther way of expression almost immediately, The
so called input echo printed owt by sowe programs
can net even be reeognized by the anulyst who have
entered the inpuat in the firs! place, It is, necedless
to say, @ nightmare o the checker, The input echo
which is the most important document of the report
should be readable not only to the machine, but also
to both the analyst and checker. The best form iz
the one which preserves all the styles and letters
the analyst has enfered. Figure T shows the echo of
the input which is done with the popular piping
language.

{b}. Faithful Isometric
A good isomeiric iz an invaluable tool for guick

checking the mathematical model, The isomeiric need
not be pretty but has to be faithful. Ii should show
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all the bends, valves, flanges, and other components,
The restrainds should be shown in the correct loca-
tion and also in the correci direction. The nodal
numbers should all be identified properly. Figure 8
shows the typical isomeiric drawing which is printed
directly and austomatically from the input data,
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